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Abstract

A simple model is developed which permits us to calculate the sudden
ionospheric frequency deviation which would be caused by a known solar
X-ray burst, or vice-versa, to calculate the time profile of the X-ray
burst responsible for an observed frequency deviation. This model is
also used to compare the frequency deviations observed during six solar
flares with the time profiles of the solar emissions at centimeter and
X-ray (0.5-10 1) wavelengths which accompanied the flares.

Better time and spectral resoiuti n ace necr9ed in nrder tn permit a
detailed comparison of the variations in the X-ray flux with the iono-
spherically induced frequency deviations.

&ey Words: ionosphere, solar flare, solar X-ray emission, sudden fre-
quency deviation (SFD), sudden ionospheric disturbance,
solar radio emission
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A COMPARISON OF SUDDEN IONOSPHERIC FREQUENCY DEVIATIONS
WITH SOLAR X-RAY AND CENTIlETER-WAVE EMISSION DURING OCTOBER 1963

by

Donald M. Baker

1. Introduction

This report presents a study of the relationship between the radio

and X-ray em1isbuns of solar fli ",d thu icL. p ic disturbances

called sudden frequency deviations (SFD). Since the X-ray bursts which

accompany many solar flares are absorbed in the earth's atmosphere, we can

use ground-based radio techniques to detect these X-ray bursts. However,

in the past few years solar X-ra, emission has beti monitored directly by

several artificial satellites (Bowen et al., 1,64; Chubb, Friedman, and

Kreplin, 1964; Conner et al., 1964; Friedman, 1914; Pounds, 1965). These satel-

lite observations offer us an opportunity for studying the relationship between

the ionizing radiation and the resulting disturbances of ionospheric radio

propagation, such as sudden phase anomalies (SPA), short wave f deouts (SW

and sudden frequency deviations (SFD). Such studies are needed if ground-

based radio techniques are to be used as tools to investigate the physics

of the ionospheric response to solar ionizing radiations or if these

techniques are to be used to study the nature of the radiation bursts

themseives.

There is evidence that solar radio bursts at centimeter wavelengths

and X-ray bursts are very closely related (Kundu, 19611). This makes a

comparison of the ionospheric effects of solar flares with both the X-ray

and associated centimeter-wave radic emissions desirable.

w
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In this report we will restrict ourselv es to a study of the r'ilat: on-

ship between sudden frequency deviation and the associated X-ray and centi-

meter radio bursts. TIn section _' we develop a sirnp~e thec'ry usefui in t.he.

interpretatio)n of' a 6iidden frequency deviato,n and 7use this theory t,-

calculate the shapes o)f the frequency deviat~lons whic-h wzuld bt pr Jiu ed

by vario-us time pr, files for the ionizing radiation burst. In sectioCn

we _'mpare the sudden frequen-y d,?vi'a*tlons, centimeter-wa-.e radio err:s-

si~ns, and the X-ray burst.s -bserved by th-_ Vela satellites for the six

s, ;,b f Lsres ',isted irn tabLe I.A desc-ript on of the data used i's g'ven

be'c. V

Table

Opt a' (:') Cbser-at i ns :S, lAr F.a!-es Dis--ussed '-n Se -I~
(E be!'7-. D - LAter -,,,an)

Da~e Pe1 gnning maxi:u End Dr.p ortan ..

Oct . .
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t'Lmnte 4ras a *,cu.ne: a l rza* a I.. ~ I. 8' ens, a
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vV V 4- W'* :f.,

t" a s



1.2. Centimeter Radio Data

The radio data consist of fixed frequency observations at centimeter

wavelengths made at Ottawa, Ontario (2800 Mc/s) (Covington and Harvey,

1958; Harvey, 1964) and Toyokawa, Japan (200, 3750, and 9400 Mc/s)

(Tanaka and Kakiniuma, 1-958). The events used in this rep.rt have been

replotted from copies or tracings of the original records,

1.3. i±nospheric Disturbance Data

The ionospheric disturbance data consist of variations in the received

frequency cf hilh-frequen. ion spheri all' propagated radio signals. These

data are obtained by the Doppler technique described by Watts and Davies

(1960) which detects rapid changes in Lhe electron content of the ionc-

sphere up to the level of reflection.

The frequency of an ionospherically propagated HF radio signal

usually shows small variations (of the order of a few tenths of a cycle

per seuond) about the transmitted frequency. However, during some natural

phenomena, such as solar flares and geomagnetic sudden commencements, the

received frequency often shows large (up to tens of cycles per second)

and ouite distinctive variations from the transmitted frequency. These

fi-. re-related frequency deviations have been given the name sudden fre-

quen ,y deviations (SFD) (Chan and Villard, 1963). .3tuaies by Donnelly

(1966), Ay, Baker, and Jones (1965); Davies, Watts, and Zacharisen (1962);

and Kane]: kos, Chan, and Villard (1962) indicate that they are caused by

an increase of iconzation in the E and/or F regions of the ionosphere.

L ta[is of the cechniqie and the interpretation of the records can be ,

f,,und in Dav'es and Baker (1966) and Donnelly (1966) and the referencus

4I



2. Theoretical Discussion

2.1. Ba-sic Eq~uations and Model Used

If a radio wave of carrier frequency if propagates through a changing

ionosphere, it will suffer a change in frequency, or Doppler shift, 6f

given by

ifdP

fili

c TT

where c is the speed of light in vacuum. The phase path of propagation,

P, is given by

If ds (2)
path

where, neglecting the effects of the geortagnet field and collisions,

is the refractive index. Here k 8 X LOeq(c ) cm3, the electron den-

sityNis in cm and the wave frequency f is in Mc/s.

Using (2) and (3). Agy, Baker, and Jones (1965) have shown that (1)

can be written

Af = f ds (4)
path

If the chuges causing 4f are confined to a non-deviating region

where p a1 (i.e., a region below the height of reflection)



reflection

Af = f aN ds

grud(5)

kn dNT

fc dt

where

reflection
dt f T ds (6)

ground

is the rate of change of the total electron content and n is the number of

ionospheric reflections. Therefore, when ionospheric changes are confined

to a region below the reflection height of the radio wave being monitored,

the Doppler shift observed will be directly proportional to the total time

rate of change of electron content along the propagation path. Ii the

ionospheric changes extend all the way to the hdight of reflection and if

there is no major change in the propagation path (such as a change from

F-layer to E-layer reflection), we would expect from (4) that the shape of

Af(t) would still reflect the major time variations of the total electron

content along the path; however, the magnitude of Af(t) will now be influ-

enced by the variation of along the path. Henceforth, we will consider

only the non-deviative model.

The time rate of change of the electron density in a region in which

the electron loss processes c-i be described by an effective recombination

coefficient a is given by

((t

|:ILI

where (I is the el ectron producti o)n rate. Assume that the electron pro-

6



duction and loss rates are in equilibritum before a solar flare. Then, if

thc production rute and electron density are increased by amounts Aq(t)

and LN(t) during a flare (i.e., q(t) = qo + Lq(t), N(t) =No + AN(t) where

the zero subscripts denote the equilibriumn values), (7) can be written as

CN dAN (1 LN

-= Aq -iNAN
dt dt I, 2N,0 /

or

dAN 6NN+(_)
t q- 2N0 

(/

where T is defined as

1 (10)

Integration of (9) over the same integration path used to obtain (5),

assuming that the region affected by the flare can be characterized by

constant ce and N0, yields

cLNT (t) = LqT (t) - (t + ANT1(+

(it T2NO )
where the time dependence i~s now indicated explicitly. This equation,

when combined with ('.), allows us to synthesize the Af to be expected

from a known ot, asstunod L~IT () or to deduce the LqT (t responsible fo)r an

observed Aft.Moreover, since the froquency deviations caused by flares

rarely lost more than a few minutes, 'the solar zenith angle is essentially

constant dur-Ing such an event, and thle electron production rate in a given

region should closely fo)llow the flux Of the ionizing radiation enhancement.

Hence, if the major flare effects detected by the Doppler technique do

7_I



indeed take place below the height of reflection, the simple model devel-

oped here should permit us to determine the time profile of the burst of'

ionizing radiation causing an ionospheric disturbance.

When AN << 2No, (11) can be solved analytically for dANT/dt. This is

most easily done by differentiating (11) with respect to time and solving

the resulting second order equation for 6(t), where we now let the dot

stand for the time derivative. The result gives:

t
TT

where C is a constant of integration. This last expression can be stated

in terms of AqT (t) instead of AqT (t) by integrating by parts:

t TT dt _A:TNT (t) = AqT (t) - 2 T e t- . (13)

If AqT (t) and the )ppropriate value of T are known, (13) enables AfNT (t),

and hence Lf(tI to be calculated. Under these conditions (i.e. AN << 2N,

T can be considered as an effective relaxation time of the ionosphere.

Alternatively, rhe 4qT (t) respons;ibLe for an observed Af(t) can be

obtained by substituting (k) into (.i) to obtain the following expression

for AqT (t) in terms of Af(t):

Aq t f(t) + 6xd L + -e Af (x) [()4
0 0

wherc x i avariable of integration.



Examples of both of these approaches will be given in section 3, where

the frequency disturbances are compared with the X-ray bursts in the 0.5-

to 10-A ranges observed by the Vela satellites.

2.2 Model Calculations

Five simple models of the enhancement of the electron production rate,

AqT (t), are shown in figures 1(a), 1(c), and 1(e) and in figures 2(a) and

2(c). The frequency deviations caused by these production rate enhance-

ments were calculated from (13) using assumed values of the effective

relaxation time, T, of 0.5, 1, 5, and 10 min. Three simple models of

6qy (t) are shown in figure 1. An impulsive rise to a peak follkwed by a

slower decay to the undistrubed level (fig. la) causes a positiie fre-

quency deviation followed by a negative shift and a gradual recovery to

the undisturbed frequency (fig. lb). A rapid rise of electron production

rate to a new constant level (fig. lc) causes a rapid frequency increase

and a gradual recovery to the undisturbed frequency with no negative

phase (fig. ld). A gradual rise and fall of the electron production rate

(fig. le) results in a small and gradual increase in frequency followed

by a small negative deviatio-n and a gradual recovery (fig. if). Fre-Z

quency deviations similar to those in figures 1(b) arnd 1(d) have been

observed frequently during solar flares. Effects similar to those of

figure 1(f) have also been observed; hcwever, such small, gradual fre-

quency variations are hard to distinguish from the normal. background vari-

2tions which are usually present, and up to now they have not been con-

sidered as flare-related events. In the past the rapidity of a frequency

m9



deviation has been one of the criteria used to recognize a sudden frequency

deviation; the present study suggests that such a criterion may result in

many flare-related events being missed. However, the Doppler technique

is not suitable for quantitative study of these gradual events.

Slightly more complex electron production rate enhancements are

showr in figures 2(a) and 2(c). Figure 2(a) shows a Aq with a double rise,

Lhe tw_. i-ncrcascs being separatedi by a short period during which the pro-

duction rate remains at a constant but enhanced level. For the shorter

relaxation times such a model leads to a frequency deviation having two

distinct peaks (fig. 2b), which become less pronounced as the relaxation

time increases. An impulsive burst superimposed upon the initial part of

a gradual rise and fall is shown in figure 2(c). This production rate

mcodel causes an initial frequency deviation similar to that caused by a

simple impt:lsiv_ burst (fig. '.a and Lb); however, for the shorter relaxa-

tin '_Amt.s the graduaL increase in the production rate following the im-

r,'zs4ve b,,.rst sh rtens the longth ,,f the negative deviation and causes a

S',' '1, 5T :' A. freqtAe-nc-y h sitrniar to that caused by a simple gradual

s~ani ,'a. I & the jrovllc.A - rate (fig. lt -oci If). Thi.- "oversh- ot"

is f > w by asmu-.L ne ,at ve devitt Lun and a gradual recovery. Frthe

locq.g_-raQ axat i n times tb1o grausyKe of thc yroduct. "on rate prevents

he frie ei if ea,'hAng the- initial. negatilve phase.

*h h . l.ad~Ij.n' is-:bancets bserved have more

l'i:.n -,ar ani -. be'us by ~rlxbursts I1' icnniz ng radiation.

Fi '(a) ; :(a ) (b) nd~ thWe' f the effectivre relaxation time 'is

sma,.'. *iau :narab'.e t, the ti1me betweer. ratpa flux changes (aboutj

10f



i min in this example) the burst of ionizing radiation need not have dis-

tinct peaks but merely needs to be made up of rapid flux increases sepa-

rated by plateaus in order to cause distinct peaks in the frequency devia-

tion. Frequency disturbances made up of a main deviation followed by an

overshoot such as those of figure 2(d) have also been observed. Clearly,

such events could be caused by an impulsive burst of ionizing radiation

superimposed upon a gradual rise and fall similar to the production rate

model of figure 2(cM .

Comparison of the frequency deviations for the different relaxation

times and the appropriate enhancements of the electron production rate in

figures 1 and 2 shows (see (9)) that the frequency variation follows the

enhancement of electron production rate more closely as the effective

relaxation time becomes larger. The frequency deviation can depart sig-

nificantly from the shape of the enhancement of the production rate for

small relaxat ,n times. Also, a negative frequency deviation is to be

expected only when the production rate (i.e., the ionizing flux) decreases

with time.

5. Specific Events

In this section we compare the X-ray bursts, radio bursts, and fre-

quency deviations Abserved during the flares listed [n table 1. The timcs

nf onset, duratio ns, and general behavior of the three phencrina are inves-

tigated first. The shape of the frequency deviation to be expected from

the 0.5- to 10-1 X-ray burst of October 2Q .a then calculated. Finally,

the time profiles of the enhancemcnts of electron produaction rate are

dedi:cd and compared with th, X-ray observations.

il
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3. 1. Comparison of Observed X-ray &rstz, Solar Radio Bursts,
and Frequency Deviations

The time variations of the X-ray flux in the 0.5- to 4-1 and 0.5- to

10-k ranges, the solar radio flux at fixed frequencies in the centimeter

wavelength region, and the frequency deviation of WWV (.or WWVH) as received

at Boulder are shown in figures 3 through 8. The radio flux is given in

flux inits (1 flux unit = 10-2a2, W m - cps-,), the frequency deviation

in clycles per second, and the X-ray flux deposited in the detector in

ergs omn sc~ Note that the X-ray 'lux scale is linear. The 0.5- to

9-kJ detect :rs became saturated during all but the 2240 event Uf Octooer 22;

the C.-tc 4-A detectors were saturated oni:, during the October 18 event.

The 4-rr.in gaps in the Doppler data which occur at 4r min past the hour

are &,;e to the hc'u,.'4 WWV transmission break. The lowest level shown for

the X-ray flux, about I x -0~ ergs cm sec- , represents the detector

threshold anid is not necessarily the background level. The radio and

A.rIc ata havt, been sca'.ed and replotted from copies of the originaL

' ris; *,he tmI-rin is xIigud to be accureate to within a minute or better.

Th ~r~ f the ip',ts -f the X-ray data may, be off as mruc,_h as 5 ~

rh t b Ts-"red 0.'- k",C- X-ray, centimeter radio, and

2'' ;ra nia .rth e s I'x even*ts 'eads to the 1wY Iloving general

:3, va.

.w: n. ho t_ .ng a9'c ;a' a ab', the <flset t-s

a ~ iulz.: red'. ICrsts an~d th, lfreqiwfncy devlatiOns

aro In rer

~. h" -r'~ ffi .~al4 i::'~eesrapi-dly 1t; In the I~npu.-

sv.: a.>~b-,rsts and the rejec dev.iatl4ons. 7he



Doppler technique tends to "see" the initial fast rise of

the X-ray flux.

3. In the case of four of the five events for which radio

data are available the duration of the frequency devia-

tion is comrarable to that of the impulsive radio burst;

for the fifth event (fig. 5), the impulsive radio burst

lasts longer than the frequency deviation.

4. For some events (figs. 3 and 6) the duration of the

X-ray burst is of the same order as that of the fre-

quency deviation; during other events (figs. 4,5,7,

and 8) the X-ray flux remains at an enhanced level

long after the frequency disturbance has ended.

5. No significant frequency deviations are observed during

the (apparently) rapid decay of a .cng enduring X-ray

burst. Hcvever, th.2 2xact beginning time and rate of

,JV-cay tuf the ,c,,vry phase of such 2 burst c.ffnnt be

iet.err-1nei due to tho sa 4 urat Vn c" the d,'tectcr.

6. Th. rudic bursts and fr -quenoy d<-'Stins often shew

'n, :str-tu.,--rapiid, shcrt Juraticn variatli is. if

,-aAi.'at.',n in JP . - ' - -sn,-,: is :Be. " "h;

Cr,- jut:, nky A-.:" .3' :.,c, w "wo- I I .],,t r .s,('i rt¢; fin,-

j2d '.;"ira , lf c. 4 lr , " '5 n f S .-.flux

, ,m ri -r 1r"e1

! Ilo

.. v. ." n- .; ;r bab.y "oo sra ... b- d ", j

by the n..... . n c -ath, .a -at, l eS.



3.2. Calculation of the Frequency Deviation Expected from the
X-ray Burst Observed at 2240 U.T. on 22 October 1963

Equation (13) of section 2 permits us to calculate the frequency de-

viaticon which will be caused by a given enhancement 3f the electron pro-

duction rate. In deriving (13) we assume that the changes responsible for

the frequency deviation are ccnfinel to a limited portion of the iono-

sphere which is no-n-devia~ive fzr, the radio frequen les used. This eft'ec-

tiveLy 11.mits the changes to, the E region and iower j rt of the F region

fo r observatio ns mnale at 10 arid 15' M.' s. We als, ass une that the elec2tron

los rcesses in '".is regi~n can be repr-:-sentel by an effective re'axa-

tion time. T, which is essentially constant with height and for times of'

the c-dec 1f.h rat -:. n "' the f'requency deviation of interest. For a

re._7l.n where reo.bai '.Ss pr. ess, s zored-T.inate, t1his assumption

,req.i',s t',.V the izncr.eas-e in e.etro n dIens;*v oaused4 by the 'lare be

c m&.l w*, -. e- amtbU en*t e-ot 4oins"y. 7D .nn'y (~~)hS

s', -vn *_ha' -aia nVi~lntsa --. ; c A -oxuwsinizatiorn

s .n r-K Ti 'e s bie.:wth ha.Kght

a~n1 F-.e;# a tr' a-a n a r- 'i r~.'*'ib: a' he ri': s w.' r s

w. ~ ~ ~ ~ ~ !A n s as.~ ~srv o g~ ces*'~ ~ ar

ar s s.; n~n r. esor' 1%. r ;2j r.

*'f' f zS r -1ix r,'. at l<) a~rg. A* th's.' wav.-

ssaan - Nri -&.. C~ .:. o i.- t h# ,;.a; e f h'fr.-



quency deviation,- tc, be exp~ectedi from a given X-ray burst, we will assume

that the enhancement, -f the electron production rate has the same time

profile as the X-ray burst.

The results of applying th.'s technique to. the 0.5- to 10-A X-ray

evenlt 7b orved by the Vela satellites at 2240 U.TL. on 22 October 1963 are

shown in f-gure 91. The "stair-step" profile of th- burst shown in figure

6(c) has been smoo;thed as shown in fig7,re 9(a). This profile was then

used for AqT (t) in (13), and the frequency deviation was calculated for

effective relaxation times of 0.5, ~,and 5 min. The results are shown

by the dotted curves cf figures ' 9(c), and 9(d); tho solid cl-rve shows

the observed frequency shift for rompariscn. The times of1 the calculated

and observed peaks have been aligned and the- calcuiAtei' peaks have been

normalized to agree with the maximiLm observed deviatiJon. 7here is sone

e.'.idence that the X-ray peak occurrel about I min af'ter the peak fr-

quency Jeviatic-n (seae fg. -2); hc-wver, this Air:-'wren-e is we.'' within

the accuray w'*.h wh: 'h tercc. rds are timed4 anA !%r "--e 1iurpe-s.'s o!' this

ca~~atcn he .ea~s wtxro assumed t,- occur at the same ti:n'.

Fr-, "'g-r-s ,' c) nd ~()we see tha- the gross leatures co' the ob-

ser-.ed and 'a a e r~un' rei s e.n gzch agr-"e'nnt f,-%r re-

:axat4i:n I mrs br'ween and :n.n 7,,, If-i 1- l fcsv y s n t re -

pr~dce.b-.! !h.s car. hardl::. be expected sirce the ; '. c !n fig'o re 'ia)

had o! e:src~ frr, 'het -Ar :';g-;,-. tk'). Uet-- w,

saell,-tes col:have rl-ithe .seedf rc deatir We have

said" n.A:%jn ab: 2; t he srAgn't cIes. n a rt.re *.a Il ad ~f th s 4 eer.
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Donnelly (1966) has found that the magnitude of the flux enhancement

in the 0.5- to 10- range is not sufficient to produce the observed fre-

quency de viation. He concludes that the frequency deviation must be

at least partly a result of enhancements at longer wavelengths.

Since the flux exceeded the saturation level during a major portion of

the other events observed at Boulder, it is not worthwhile to reconstruct

the flux profile and calculate the frequency deviations which would be

produced.

3.3. Synthesis of Profiles of the Enhanceent

of Electron Prod'iction Rate

In this section we take the observed frequency deviations as the input

data and use (14) to calculate tht enhancement of the electron production

rate. The resulting profiles for effective relaxation times of 0.5, 1, and

10 min, shown in part (b) of figures 10 through 14, are compared with the

observed 0.5- to 1O- X-ray flux shown in part (c) of these figures.* The

time scale of these figures is much expanded over that used in figures 3

through 8, and only the initial portion of each X-ray event is shown. After

the initial peak frequency deviation and the initial part of the negative

shift, the flare-related frequency deviation is usually lost in the back-

ground variation of the frequeny; in making the calculations for figures

10 through 14, only that portion of a frequency deviation which could be

reliably attributed to the flare was used.

*In calculating the enhancement of the electron production rate we have

used a value of 10 1 m-3 for N
0
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The curves of figures 10 through 14+ show the shape of the electron

production rate enhancement wihich would be needed to produce the observed

frequency deviation for- the simple model we have adopted. Comparison of

the production rate enhancements with the X-ray fluxes must of necessity

be qualitative due to the nature of the data available; our knowledge is

limited by the saturation of the X-ray detectors, the lack of fine struc-

ture in the X-ray observations and the limited portion of the production

rate profile which we can reconstruct from the frequency variation data.

The most we can hope to conclude is -whether or not the calculated produc-

tion rate enhancement is compatible with the X-ray observations.

Smith, Accardo, Weeks, and McKinnoi (1965) have concluded from recent

eclipse observations that the effective daytime relaxation time in the E

region is about 1 min. in addition, baker and Davies (1966) have

presented evidence that suggests that the effective daytime relaxafion

Lin the~ regcn where the bulk of the ion:ization responsible for flare-

related freqiuency- deviations is released may be less than 1I rai.

Th(erefore, the most appropriate curves for the enhancement of electron

m')oiuction rate for the model we have adopted are Probably those for an

effetiv~relaxation time of about 1 min.

Examination of figures 10 and 11 reveals that the synthesized pro-~

duction r'ate enhvancement curves and the initial part of the X-ray burst

arc, compatible for these two events. From a cursory inspection it may

app~ear that the o~roduct ion rate curve is decaying faster than the X-ray

flux, but closer inspection reveals that at the end of the records

shown in the figures, the production rates are still above the levels they

17



had attained at the time the X-ray detectors became saturated. The pro-

duction rate curves for these two events also show that the fine structure

in the ionizing radiation needed to- produce the fine structure of the fre-

quency deviations is indeed small, especially if the effective relaxation

time is short, and such small relative flux variations may prove to be

hard to detect with satellite-borne instrumentation.

Figure 12 shows the curves for the 2240 October 22 event which was

discussed in section 3.2. The time disagreement between the X-ray burst

and the frequency deviation which was mentioned previously is shown in

this figure. Here we will adopt the viewpoint that this discrepancy is

within the accuracy to which the data can be timed and will assume that

the two events are time coincident. Doing so, we see that the production

rate curves for the shorter relaxation times are not compatible with the

X-ray observations; indeed, -the production curves decay much more slowly

than the X-ray flux. The production rate curve for a relaxation time of

10 min is in fairly good qualitative agreement with the X-ray flux

curve; this we would expect from -the results of section 3.2 where we

found that a relaxation time greater than 1 min was needed to make

the frequency deviation calculated from the X-ray flux agree with the

observed event.

The initial part of the event of October 26 is shown in figure 13.

Only the two prominent frequency deviations at 1840 and 1902 were consid-

ered in calculating the enhancement of the electron production rate; the

data between these two deviations were smoothed as indicated by the

dashed lines. From the portion of the event shown, the production rate

18



enhancement and the X-ray burst appear to be compatible. However, the

X-ray detectors had not yet reached saturation at 1908, and an abrupt

increase to the saturation level shortly after 1908 caused no measurable

frequency deviation. This fact forces us to question whether the 0.5- to

10-A X-ruy flux was responsible for the frequency deviations before

1908.

The electron production rate enhancement calculated for October 28

(fig. 14) does rot agree in time with the X-ray flux enhancement. The

production rate has peaked and is beginning-, to decayi Ptfore the X-ray

detectors become saturated. A shift of about 4 min would be necessary

to make the production rate curve compatible with the X-ray burst;

again such a shift is within the timing accuracy available.

From figures 10 through 14 we see that in some cases the X-ray flux

Ie

in the 0.5- to 10-A range could have caused an enhancement of the electron

production rate of the shape needed to give the observed frequency varia-

tion, and that in other cases it could not. It may be significant that

for the one event during which the X-ray detectors were not saturated

(fig. 12), the production rate enhancement calculated for the shorter

relaxation times, which we would expect to be operative in the E region

where our model is applicable, differs appreciably from the X-ray burst.

As pointed out by Donnelly (1966), ti'^ 0 ' - 10-4 flux may have contri-

buted to the post-peak hump in the frequency variation while the main

II

deviation was caused by enhancements at wavelengths greater than 10 A
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4. Discussion

We cannot establish by a comparison of the time profiles of the data

available whether or not X-ray bursts in the 0.5- to 10-1 range were suf-

ficient to cause the frequency deviations observed during the solar

flares of October 1963. To compare the frequency deviations and X-ray

data, we have assumed that the spectral composition of the X-ray burst

did not change during the burst. Some of the disagreement we have- found

may arise because the spectral characteristics of' an X-ray burst do change

rapidly with time. In any case, we could not definitely conclude that the

frequency variations were or were not caused by the 0.5- to 10-k X-rays

from a stuay of time profiles alone without knowledge of the flux varia-

tions at longer wavelengths. Donnelly (1966) has concluded that the fre-

quency deviations must be at least partly a result of enhancements at

wavelengths greater than 10 k.

Such a simple treatment of the data does reveal some worthwhile ob-

servations, however. We see that better timing accuracy is required for

detailed comparison of the various data; such timing accuracy is now

available on the Doppler data. Attempts should be made to obtain more

detailed time profiles and better spectral resolution of solar X-ray

bursts. Although the oaL1culated enhancements of the electron production

rate indicate that tho finc structure necessary tu produce the dota 1 I

obs _rvod in the frequency deviati ons may be ,nl y a very Pma.l modulation

of the main enhancement, the clo :e correspondence which of'ten exist.-

between the i'f' juency variations and the impul, ive centimeter radio bursts

suggests that similar imp'sive bursts may ,xijt in the flux of ionizing

20



radiation. Better spectral resolution and broader spectral coverage are

needed to help us determine what wavelength regions produce the ionization

cnlanements responsibie for the frequency variations and the height of

thecse enhancements.
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Fig. 6 The solar radio burst (a), frequency variation (b), and Solar
X-ray burst (c) for the event of 22 October 1963 (2240 U.T.).
All scales are linear.
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(a) X-RAY FLUX, 0.5-10A
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(b) r~ 0.5 min
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Fig. 9 The 0.5- to 10-1 X-ray flux (a) and the sy,,ithesized (dotted) and
observed (solid line) frequency variations (b), (c), and (d for
the event, of 22 October 1963 (2240 U.T.). The peaks of the syn-
thesized and observed frequency variations have been norni&lized
and aligned.
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Fig. Ii The observed frequency variation (a) and X-ray burst (c) and the
calculated enhancement of the eLectron production rate for the
event of 22 October 1963 (13 30 U.T.). All scales are linear.
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Fig. l_2 The observed frequency variation (a) and X-ray burst (c) and the

'alc:Ulato&d enhanceme~nt of' the electron production rate for theevont :,f L2 0--tz-br 196-1 (224o U.T.). All scales are linear.
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